Outbreaks of Escherichia coli infections linked to fermented meats have prompted much research into the kinetics of E. coli inactivation during fermented meat manufacture. A meta-analysis of data from 44 independent studies was undertaken that allowed the relative influences of pH, water activity (a w ), and temperature on E. coli survival during fermented meat processing to be investigated. Data were reevaluated to determine rates of inactivation, providing 484 rate data points with various pH (2.8 to 6.14), a w (0.75 to 0.986), and temperature (؊20 to 66°C) values, product formulations, and E. coli strains and serotypes. When the data were presented as an Arrhenius model, temperature (0 to 47°C) accounted for 61% of the variance in the ln(inactivation rate) data. In contrast, the pH or a w measured accounted for less than 8% of variability in the data, and the effects of other pH-and a w -based variables (i.e., total decrease and rates of reduction of those factors) were largely dependent on the temperature of the process. These findings indicate that although temperatures typically used in fermented meat manufacture are not lethal to E. coli per se, when other factors prevent E. coli growth (e.g., low pH and a w ), the rate of inactivation of E. coli is dominated by temperature. In contrast, inactivation rates at temperatures above ϳ50°C were characterized by smaller z values than those at 0 to 47°C, suggesting that the mechanisms of inactivation are different in these temperature ranges. The Arrhenius model developed can be used to improve product safety by quantifying the effects of changes in temperature and/or time on E. coli inactivation during fermented meat manufacture.
Fermented meats encompass a diverse range of product styles in which raw, ground meat is preserved by the processes of fermentation and drying (or maturation). These products are typically manufactured without a bactericidal heat treatment, and instead, inhibition of growth and inactivation of contaminating pathogens rely upon the collective effects of acid pH, reduced water activity (a w ), and the presence of lactic acid and, potentially, curing salts (nitrate and/or nitrite) and spices. However, pathogenic Escherichia coli can contaminate and survive in fermented meat products at levels sufficient to cause serious illness in consumers, as evidenced by numerous outbreaks of E. coli infections epidemiologically linked to uncooked fermented meat products (8, 9, 54, 64) . Knowledge of the kinetics of nonthermal inactivation of E. coli, and the factors affecting it, is important to be able to optimize the safety of fermented meat processes.
Several research groups have conducted studies on the survival of pathogenic E. coli during the processing of specific fermented meat products (4, 6, 14, 16, 23, 25) . In some cases, the effects of alternative ingredients or processing parameters have also been determined (12, 21, 24, 30) . Such investigations have allowed the lethality of a specific fermented meat process to be determined and the microbiological safety of that product, in regards to E. coli, to be described. However, most of these studies have been essentially empirical and product/process specific, i.e., they have not sought to discern key variables or their interactions that influence the extent of inactivation of E. coli or other pathogens during meat fermentation and maturation. Thus, while they are very important and useful, it has been difficult to extrapolate the results of those studies to different fermented meat processes, confounding efforts to assess product safety without the requirement for challenge tests or to give manufacturers the confidence to develop new or modified processes that remain safe.
In an attempt to identify the main factors that influence the inactivation of E. coli in fermented meat products, we utilized data that already existed in the scientific literature and reassessed that information via a process similar to meta-analysis. Meta-analysis is a statistical technique that involves amalgamating, summarizing, and reviewing previous quantitative research to identify trends. It is used, albeit rarely in the area of microbiology, as a means to address a wide variety of questions where a reasonable body of primary research studies exists. In a preliminary investigation, based on an analysis of limited published and other data, Ross and Shadbolt (51) observed that inactivation of E. coli in fermented meat processes was dominated by temperature and that pH and a w levels appeared to be less influential, except insofar as creating conditions inimical to E. coli growth. The objective of the present investigation was to rigorously test that observation by collation and analysis of a large data set describing the inactivation of E. coli during manufacture of fermented meats and to attempt to identify underlying patterns in the responses of E. coli to con-ditions encountered during fermented meat processes. From the observations of Ross and Shadbolt (51) , and because the inactivation of E. coli in fermented meat is not instantaneous, we based our analyses on the rate of E. coli inactivation, calculated from viable count data and processing times reported by a variety of published and unpublished sources. We sought to relate the inactivation rate to reported environmental conditions, including pH, a w , and temperature, and to summarize the observations in a predictive mathematical model.
MATERIALS AND METHODS
Data search strategy and selection criteria. Studies published before January 2008 on the survival of E. coli in fermented meat products or in aqueous systems (broth or peptone water) with levels of pH and/or a w that prevented growth of E. coli were sought by computer-based searches of the U.S. National Library of Medicine's PubMed and ISI Web of Knowledge literature databases. Searches were done by topic and used the keyword "Escherichia coli" with words related to bacterial inactivation ("death," "inactivation," "survival," and "viability") and fermented meat ("fermented meat" and "salami"). Reference lists of relevant publications were also reviewed to identify additional studies. Other data, obtained from Ph.D. theses authored by members of the University of Tasmania food microbiology research group, reports prepared for industry organizations within Australia, and our own unpublished results, were also included. For pragmatic reasons, only studies that (i) were written in English and (ii) contained data that enabled an estimate of inactivation rate at one or more temperatures were included in analyses.
Data abstraction and determination of inactivation rates. As far as possible, and where relevant, the following information was collated from each study: E. coli serotype(s) and strain(s), food or broth type, process (e.g., fermentation, maturation, or heating) and process duration, temperature, a w , pH, lactic acid concentration, presence and concentrations of other additives (e.g., glucono-␦-lactone or nitrite), and E. coli viability data. For each source that included data describing a set of conditions for an interval of time for which E. coli was enumerated at least at the beginning and end of that interval, and during which at least the temperature was constant, a rate of inactivation of E. coli was estimated by simple linear regression (Microsoft Excel) of E. coli viability (log 10 CFU/unit, where "unit" is a gram or milliliter) versus time data. Where semilogarithmic inactivation curves were apparently multiphasic, i.e., were not able to be well described by a straight line, and there was no reported evidence of environmental change in the product during the process, the rate of inactivation in the slowest stage (whether a "shoulder" or "tail") was calculated as described above. This strategy was adopted to be consistent with a "worst-case" approach for model development. Statistical analysis. To identify possible predictor variables for the inactivation of E. coli, inactivation rates were collated and fitted to simple regression models based on various predictor variables (e.g., temperature, pH, and a w ).
To investigate the influence of temperature, the data were transformed to ln(inactivation rate) and the reciprocal of absolute temperature. The transformed data were then analyzed by simple linear regression, i.e., fitted to an Arrhenius model, and the strength of the relationship was determined by calculation of the correlation coefficient (R 2 ). The root mean square error (RMSE) and bias and accuracy factors (50) were also calculated. A number of other, empirical equations were also investigated to assess the goodness of fit that could be obtained without being constrained to an Arrhenius model.
Many of the studies used enabled inactivation rates to be determined at several temperatures. Thus, data for individual studies for temperatures in the range of 0 to 47°C were individually fitted to an Arrhenius model and compared to the model fitted to the entire data set for the same temperature range. This was done to determine whether the analysis of pooled data obscured differences in responses between individual strains or processes.
To assess possible differences in the effects of lethal (i.e., Ͼϳ47°C) and sublethal temperatures, inactivation rate data for temperatures above 47°C were analyzed separately. Due to a paucity of studies of the change in viability of E. coli in fermented meats at lethal temperatures, inactivation data for E. coli in fresh meat in the temperature range of 54.4 to 70°C were also included to augment the data set. Five studies, each enabling Ն14 inactivation rate estimates, were selected from a list of publications identified by a computer-based search of the ISI Web of Knowledge, using the keywords "Escherichia coli," "thermal inactivation," and "ground beef." For each temperature range, z values were calculated.
The effect of pH on E. coli inactivation in fermented meats and analogous aqueous systems was analyzed by plotting, where available, the log 10 -transformed rate or total amount of E. coli inactivation against a range of pH-based predictor variables. Predictor variables investigated included the final pH of an aqueous system or of a fermented meat product after a given manufacturing process and the total reduction in pH or rate of reduction in pH during fermentation (i.e., the processing stage where significant decreases in pH occur). Using regression analysis, a straight line was fitted to each log 10 -transformed inactivation rate or total inactivation data set versus the various proposed predictor variables, and R 2 was determined. To remove the confounding effect of the influence of temperature, the relationship was further investigated by normalizing the inactivation rate data for the effect of temperature. Specifically, the residuals of the data compared to the inactivation rate predicted from the Arrhenius model fitted to the data were plotted against the selected pH variable. Simple linear regression analysis of the residuals against the pH predictor variable was then performed by fitting straight lines to identify any relationship between the rate data normalized for the effect of temperature and the pH variable under investigation.
Similarly, the influence of a w on the decline of E. coli in fermented meats and analogous aqueous systems was examined by plotting the log 10 -transformed rate or the total amount of E. coli inactivation against the final a w of an aqueous system or of fermented meat at the end of a manufacturing process and the total reduction in a w or rate of reduction in a w during drying of meat or other postfermentation processes (i.e., processing stages where significant decreases in a w occur). The reduction in a w during drying, storage, or heating was determined as the difference in a w measured at the end of the process and that at the end of fermentation. Three studies (4, 5, 25) reported a w at the end of drying or another postfermentation process but not at the end of fermentation. For those studies, a w at the completion of fermentation was assumed to be 0.96, which allowed additional data to be included in analyses of the total reduction in a w (19 data points) and the rate of reduction in a w (7 data points) during drying, storage, or heating. For one study (28) , the a w of broth was estimated from the salt (NaCl) concentration reported, using the tables of Chirife and Resnik (13), for two inactivation data. Simple linear regression was applied to each data set, and R 2 values were determined. The inactivation rate data normalized for the effect of temperature, as described above, were also plotted against a w variables and analyzed by simple linear regression.
RESULTS
Data set. In total, 44 relevant studies relating to the inactivation of E. coli in fermented meats or analogous aqueous systems were identified and are summarized in Table 1 . The majority of studies enabled multiple inactivation rate estimates to be determined, providing a data set of 484 inactivation rates, encompassing over 50 E. coli strains and temperatures ranging from Ϫ20 to 66°C (mean ϭ 25.5°C), pHs ranging from 2.8 to 6.14 (mean ϭ 4.72), and a w values ranging from 0.75 to 0.986 (mean ϭ 0.901). Twenty-five (25) of the 484 inactivation rates were derived from biphasic inactivation curves and were based on the slowest phase of inactivation. The remaining 459 rates were from inactivation curves that were well described by single-phase inactivation models. Those data were compiled and analyzed to discern and quantify patterns of E. coli inactivation in response to environmental factors relevant to fermented meat products and processes.
Effect of temperature. The effect of temperature on the inactivation of E. coli was determined by fitting data transformed to ln(inactivation rate) and the reciprocal of absolute temperature. Equation 1, as follows, is the best fitting of a range of parsimonious equations fitted to all 484 inactivation rate data (i.e., irrespective of pH, a w , strain, etc., and with a temperature range of Ϫ20 to 66°C): ln[inactivation rate (log 10 CFU/unit/h)] ϭ 5. a The number of distinct temperature, pH, or a w values for which an inactivation rate was determined is given in parentheses. -, not described. b The exact number of unique strains is unknown because the strain was unspecified in some studies.
VOL. 75, 2009 META-ANALYSIS OF E. COLI SURVIVAL IN FERMENTED MEAT 6965
Inactivation rate observations were compared to those predicted by equation 2, once transformed into equivalent inactivation rates. The goodness of fit of equation 2 was determined by calculating bias and accuracy factors (50) . The bias factor is a measure of the average ratio of the observed values and the corresponding modeled values. It is a multiplicative factor by which the model prediction must be divided, on average, to equal the observed value. A bias factor of 1 is interpreted as indicating no systematic over-or underprediction, while a bias factor of 1.1 means that, on average, the model overpredicts the observed inactivation rate by 10%. The bias factor for equation 2 is 0.999, indicating that, on average, the model very slightly underpredicts the observed rates. The accuracy factor measures the average deviation between observation and model predictions. It is similar in concept to the variance of the data compared to corresponding model predictions. Thus, an accuracy factor of 2 means that, on average, the predicted value differs from the observed value by a factor of 2 (i.e., it is either twice as large or half as large). An accuracy factor of 1 means perfect agreement between observed and modeled responses. For equation 2, the accuracy factor was determined to be 2.17.
To further test the strength of the apparent influence of temperature on E. coli inactivation in fermented meats held at 0 to 47°C, the entire inactivation rate data set was disaggregated into the individual studies from which the rate data were derived. For studies that provided inactivation rates at three or more temperatures in the range of 0 to 47°C, these data were fitted individually to Arrhenius models. Thus, 19 submodels were generated (Fig. 2) . The average slope and y intercept of linear regressions fitted to the models are Ϫ10,012 (standard deviation ϭ 3,110) and 29.557 (standard deviation ϭ 10.68), respectively, which are quite similar to the slope (Ϫ10,483) and y intercept (30.974) for the combined data set shown in Fig. 1 .
At temperatures greater than approximately 47°C, the slope of the linear regression line fitted to the data appears to increase (Fig. 1) . This is demonstrated by the different z values for inactivation rate data for fermented meats and analogous aqueous systems held at 0 to 47°C (n ϭ 456) and 50 to 66°C (n ϭ 26), which are 19.2°C and 9.7°C, respectively. However, this change was difficult to assess because only 26 pieces of inactivation rate data were obtained for temperatures above 47°C for fermented meats and analogous aqueous systems. Therefore, to investigate the apparent change in temperature effect more rigorously, 115 additional inactivation rate data for temperatures of Ͼ47°C were obtained from nonfermented meat-based studies (15, 31, 34, 43, 65) .
A comparison of the rates of inactivation at 0 to 47°C and 50 FIG. 3 . Changing effect of temperature on rate of inactivation of E. coli for temperatures above and below 47°C (shown by the dashed line), which is the maximum temperature for growth of most E. coli strains. The data are shown as an Arrhenius plot [ln(inactivation rate) versus 1/absolute temperature]. Inactivation rate data for temperatures above 47°C include data derived from fermented meats and analogous broth systems (E), previously shown in Fig. 1 , and from fresh meat (ϫ). Inactivation rate data for temperatures of 0 to 47°C are from fermented meats and analogous aqueous systems (F) and are also shown in Fig. 1 . A simple linear regression line fitted to the data for temperatures above 47°C is given by the gray line (y ϭ Ϫ43,665x ϩ 134.11; R 2 ϭ 0.8110), and that for 0 to 47°C is given by the black line (y ϭ Ϫ10,483x ϩ 30.974; R 2 ϭ 0.607). Equivalent Celsius temperatures are shown for convenience. the combined inactivation rate data in the range of 50 to 70°C (n ϭ 141) is 5.5°C. Similarly, the effect of temperature on E. coli inactivation at temperatures below 0°C appears to differ from that at 0 to 47°C (Fig. 1) , although this could not be tested rigorously due to a lack of data in the accessible scientific literature. Using equations 2 and 3, the RMSE for the 484 data points is 1.06, lower than that for the empirical equation 1 but requiring two more parameters.
Effect of pH. Where available, the total amount or log 10 -transformed rate of E. coli inactivation in fermented meats or analogous aqueous systems was plotted against the final pH, the reduction in pH during fermentation, or the rate of pH decline during fermentation. A simple linear regression fitted to each plot indicated that the final pH and the reduction in pH during fermentation explained less than 10% of the inactivation data (R 2 Ͻ 0.10) ( Table 2) . A better correlation was observed between E. coli inactivation and the rate of reduction in pH during fermentation, where a greater rate of pH decline was linked to an increased total amount and log 10 -transformed rate of inactivation (R 2 ϭ 0.234 and 0.585, respectively). However, when the rate of inactivation of E. coli was normalized for the effect of temperature (0 to 47°C), using the Arrhenius model given by equation 2, and plotted against the rate of reduction in pH during fermentation, the correlation between the two parameters was greatly reduced (R 2 ϭ 0.266). Furthermore, the relationship between the two parameters was reversed (i.e., an increasing rate of reduction in pH correlated with a decreasing rate of E. coli inactivation after normalizing data for the effect of temperature). These three relationships are shown in Fig. 4 . Whether data analysis used the rate of inactivation or log 10 -transformed rates, the results were qualitatively similar.
Effect of a w . The effect of a w on the inactivation of E. coli in fermented meats and analogous aqueous systems was analyzed by plotting the total amount or log 10 -transformed rate of inactivation of E. coli against various a w variables (final a w of any process, the reduction in a w during drying or another postfermentation process, and the rate of reduction in a w during drying or another postfermentation process). As shown in Table 3, simple linear regression analysis illustrated a correlation between the log 10 -transformed rate of reduction in a w and the rate of E. coli inactivation that occurred during drying, storage, or heating (R 2 ϭ 0.482), whereas the same analysis of all other plots showed that the effect of a w accounted for less than 8% of the E. coli inactivation data (R 2 Ͻ 0.08). However, the apparent effect of the rate of a w reduction during drying or another postfermentation process was found to be highly dependent on the temperature of the process, since normalizing the inactivation rate data for the effect of temperature (0 to 47°C), using the method described above, reduced the R 2 value to 0.169 based on analysis of 56 data. As with the pH data, normalizing for the effect of temperature revealed the inverse relationship between the rate of reduction in a w and the rate of inactivation (Table 3) . Again, linear regression analyses of the inactivation rate or log 10 -transformed inactivation rate were qualitatively similar.
DISCUSSION
The studies analyzed in this investigation for temperatures in the range of 0 to 47°C are based on combinations of pH, a w , and other factors that alone or in combination cause the inactivation of E. coli in fermented meats, irrespective of temperature. For example, the lower pH and a w limits and upper undissociated lactic acid limit for growth of E. coli are approximately 4, 0.95, and 11 mM, respectively (33, 48, 52) . Combinations of these and other factors that together preclude E. coli growth can be estimated by growth/no-growth models (e.g., see the work of Presser et al. [48] ). At temperatures above approximately 47°C and below 0°C, additional lethal factors (i.e., heat and freeze-thaw injury, respectively) may act upon E. coli cells to cause their more rapid inactivation.
In this study, a model based on two different Arrhenius equations (equations 2 and 3) for the effect of temperature on E. coli inactivation rate in the ranges above 47°C and from 0 to 47°C provided a better description of the data than did equa- tion 1, a purely empirical, parsimonious model generated to describe all the data. This was despite the fact that equation 1 was both fitted to and evaluated against the 484 inactivation rate data first collated (Fig. 1) , while equations 2 and 3 were fitted to a reduced and an expanded data set, respectively (Fig.   3 ), but were evaluated against the 484 data originally collated. Use of the Arrhenius model in this approach is consistent with established principles of thermal inactivation kinetics. The quite different "(in)activation energies" predicted from equations 2 and 3 and the different z values estimated from the data reiterate that different mechanisms of inactivation are involved at temperatures above 47°C, presumed to be "thermal" inactivation involving macromolecular denaturation, and those in the range of 0 to 47°C. In this modeling, the effect of freezethaw injury on apparent inactivation rate was not specifically considered.
In many of the studies included in this meta-analysis, it was observed that lower levels of pH (4-7, 11, 14, 49) and a w (49, 57) are associated with greater reductions in E. coli in fermented meats. However, from our analyses of the collated data, while inactivation of E. coli ensues when environmental factors preclude growth, further decreases in pH or a w do not appear to greatly hasten inactivation. Instead, temperature has the dominant effect on inactivation rate, with higher temperatures associated with faster inactivation. Others have reported a similar correlation between increased temperature and enhanced inactivation (5, 12, 14, 23-25, 45, 57, 61, 62) , implying that although temperatures of fermented meat processes do not necessarily cause the destruction of E. coli cells, the temperatures of fermentation, maturation, and storage are important explanatory variables of the inactivation rate, and thus of the total inactivation observed.
From our analyses involving observations at pHs ranging from 2.8 to 6.14, at a w values ranging from 0.75 to 0.986, and with various bacterial serotypes, strains, and product formulations, temperature (in the range of 0 to 47°C) accounted for 61% of the variance in the inactivation rate data. In contrast, the pH or a w measured in broth or at the end of a given fermented meat manufacturing process accounted for less than 8% of the variability in the inactivation data. The apparent influence of other pH and a w variables tested (i.e., the total decrease during fermentation or drying and other postfermentation processes, and also the rate of reduction) appeared to be largely dependent on the temperature of the process and its influence on those variables, and when the effect of temperature was accounted for, these pH and a w variables were relatively poor explanatory variables. The remaining variability in the inactivation rate data is likely due to differences between studies, such as specific strains, ingredients, and processing conditions. The fact that this background noise in the collated data is greater than any systematic effect of pH or a w suggests that differences due to such "uncontrolled" factors are as influential, or more so, than the effect of pH or a w on the inactivation of E. coli in fermented meats.
The above conclusion seems counter to the expectation, and reported experience, that pH and a w are significant effectors of inactivation of pathogens in nonthermally processed foods. To further investigate this, we examined the relationship between inactivation rate and pH or a w at the end of a specified process (or in an aqueous system) for the individual studies collated. Data were derived from individual studies that provided multiple inactivation rate estimates at a single temperature, but with various pH or a w values, where variance was greater than the assumed measurement error of 0.1 pH unit and 0.01 a w unit. Linear regression fitted to the data indicated that the   FIG. 4 . Effect of rate of reduction in pH during fermentation on total amount (a) and rate of inactivation (b) of E. coli and on inactivation rate normalized for temperature in the range of 0 to 47°C (c), using equation 2, to assess the cryptic effect of temperature in this analysis. Simple linear regression fitted to the data is given by the lines, which fit the equations y ϭ 27.8847x ϩ 0.8466 (R 2 ϭ 0.234), y ϭ 14.7078x Ϫ 2.1350 (R 2 ϭ 0.585), and y ϭ Ϫ16.2437x Ϫ 1.0065 (R 2 ϭ 0.266), respectively. inactivation rate increased with decreasing pH and decreasing a w , as previously described, for only 73% (n ϭ 15) and 62% (n ϭ 13) of the data sets analyzed, respectively. This suggests that while more stringent levels of pH and a w may often be associated with faster inactivation of E. coli in fermented meats, their effect is, in some cases, overshadowed by other factors in the system, even when temperature is constant. Therefore, any effect of pH and a w in the combined data sets that we analyzed was presumably masked by the diversity in E. coli serotypes and strains, food and broth types, and processing conditions employed within the different studies. This was not the case, however, for the effect of temperature. Twenty studies included in the data set provided inactivation rate estimates for three or more temperatures in the range of Ϫ20 to 66°C, and in all cases, linear regression fitted to the data revealed that a higher temperature was associated with a greater rate of inactivation of E. coli. Differences in the physiological state of the cell, which can affect survival time in lethal environments, might also account for the apparent insensitivity of E. coli to increasingly severe levels of pH and a w , revealed in the current investigation, and the variability in responses observed in individual studies described above. Shadbolt et al. (57) showed that inactivation of E. coli by a w values in the range of 0.75 to 0.95, adjusted with NaCl, was biphasic. While the rate of inactivation and the total inactivation observed during the first phase were strongly dependent on the severity of the a w stress, the rate of inactivation during the second phase was essentially the same for all a w levels. The same effect was observed in exponentially growing E. coli cells exposed to inimical pHs, set by HCl, in the range of 2.5 to 3.5 (3) , and other researchers have demonstrated an insensitivity to levels of nonthermal environmental stresses in E. coli, Listeria monocytogenes, and Yersinia enterocolitica (40) . These findings suggest that, with time, cells become increasingly resistant to unfavorable conditions, which is reflected in a reduced inactivation rate. This supports a considerable body of scientific knowledge pertaining to bacterial stress responses that has been reviewed extensively (1, 26, 59) .
In fermented meat batters, initial pH and a w are not usually sufficient to inactivate E. coli cells. Rather, they decline over time as the temperature of the batter increases and fermentation proceeds, with pH, lactic acid, and/or a w eventually attaining levels that prevent pathogen growth. During this time, at the commencement of fermentation, it is possible that the cells respond to the increasingly harsh environment by initiating stress responses. This is supported by the data of Leyer et al. (39) for the inactivation of acid-adapted and nonadapted E. coli during sausage fermentation. Initially, the nonadapted cells were inactivated more rapidly than the acid-adapted cells. However, at later stages of fermentation, the rates of inactivation of both populations were highly comparable. The ability of cells to adapt to an increasingly stringent environment during fermented meat manufacture is further supported by the predominance of single-phase, log-linear inactivation curves seen in the current study. We hypothesize that the observed rate of inactivation is that which is characteristic of the second, slower phase associated with biphasic kinetics, whose rate is likely to be largely unaffected by the severity of the pH and a w stress applied. The exact effect of pH or a w on E. coli inactivation in this case would be dependent on the rate of change of these factors during processing, specifically, the time taken for inimical conditions to be reached and for inactivation to commence. This will, in turn, depend on the specific growth limits and stress responses of bacterial serotypes and strains and on other environmental factors that affect this. We are currently conducting further investigations to quantify the effects of pH and a w on E. coli inactivation in fermented meats and broth model systems, with reference to the hypotheses described here.
To meet the intrinsic limitations of starter cultures and to avoid undesirable textural damage, temperatures used in the manufacture of fermented meats rarely exceed 50°C, despite the fact that high-temperature processing has been shown empirically to be a powerful means of reducing pathogen numbers in some products (30) . From our analysis, the relationship between temperature and E. coli inactivation appears to be altered at temperatures above approximately 47°C, with increasing temperature more substantially accelerating inactivation in the higher temperature range, as evidenced by the change in z value from 19.2°C for temperatures in the range of 0 to 47°C to 9.7°C for temperatures above 50°C. Although this observation is based on a limited number of fermented meat (Fig. 3) . We propose that at temperatures above the maximum for growth of E. coli, thermal injury (e.g., denaturation of macromolecules) becomes significant and becomes the principle mechanism causing E. coli inactivation.
The exact delineation between growth-permissive and lethal temperatures could not be discerned from the current analysis and is likely to reflect the growth-no-growth boundaries for individual strains. However, based on reports of growth of most E. coli strains at temperatures up to 47°C (33) and the demonstration of growth at temperatures up to approximately 50°C (32, 52) , the changing effect of temperature on the E. coli inactivation rate is likely to occur somewhere between 45 and 50°C. Similarly, at temperatures below freezing, the growth of E. coli is prevented and freeze injury may function as a further barrier to cell survival. This might account for the higher rate of inactivation at Ϫ20°C observed in the study of Faith et al. (24) than that predicted by the Arrhenius model (equation 2) based on temperatures in the growth-permissive range.
By this meta-analysis, the relative influences of temperature, pH, and a w on the inactivation of E. coli in fermented meats were determined. Although other characteristics of fermented meats, such as lactic acid and nitrite concentrations, also affect the survival of E. coli, their influence could not be assessed in this study due to a lack of relevant information provided in the scientific literature used. For example, in a fermented meat product, acidification is due to the formation of organic acids, particularly lactic acid. In the presence of organic acid, the inhibitory effects of pH on microorganisms are accentuated in a manner related to the concentration of undissociated acid, which is itself a function of pH (as described by the Henderson-Hasselbalch equation). Although we recorded the concentration of lactic acid where it was reported, this information was provided only rarely. Those data were insufficient to enable reliable differentiation of the effects of acid, i.e., [H ϩ ], from those due to undissociated organic acid. The same limitation applied to the investigation of the contribution of nitrite. The data gaps identified here indicate specific parameters that require systematic studies in order to evaluate their influence on E. coli inactivation in fermented meats.
The results of the present investigation have revealed the dominance of nonlethal temperature as an explanatory variable for the inactivation of E. coli in fermented meats and illustrate that the inactivation of E. coli in these products will be enhanced best by holding products at higher temperatures for increased times. While we recognize that growth-preventative factors, such as low pH and a w , are crucial for causing the inactivation of cells, once these parameters (alone or in combination) have reached inimical levels, it is increases in the time and temperature of manufacture that will most dramatically improve product safety by enhancing the inactivation of E. coli. Arrhenius models fitted to the combined data set ( Fig.  1) and to individual studies (Fig. 2) where inactivation rates were determined at three or more temperatures in the range of 0 to 47°C suggest a strong and consistent effect of temperature. Therefore, we propose that the Arrhenius model developed in this study (equation 2) can be used to make a conservative estimate of the amount of inactivation of E. coli that will occur during fermented meat processing based on temperatures in the range of 0 to 47°C. Although its use to make absolute predictions of inactivation is limited by the wide confidence intervals of the fitted equations, it is a valuable tool for assessing the relative changes in product safety associated with changes in temperature and time of fermentation and maturation. An earlier version of this temperature-only model is now used for this purpose within the Australian and New Zealand food industries by both regulators and manufacturers. The model and the report of Ross and Shadbolt (51) can be downloaded from http://www.foodsafetycentre.com.au/fermenter.php.
Studies pertaining to E. coli survival during fermented meat manufacture have typically focused on the effects of various lethal factors, such as low pH and a w and the presence of lactic acid and nitrites. While maintenance of moderate temperatures has long been recognized as a critical processing parameter in achieving desirable sensory qualities in fermented meats (i.e., to prevent defects due to the melting, and separating out, of fat particles), this study is the first to quantify the effect of nonlethal temperature on E. coli under otherwise inimical conditions relevant to fermented meats and to recognize its significant effect relative to further reductions in lethal pH and a w . The nonbactericidal temperatures of fermented meat manufacture may influence the survival of E. coli directly, by altering processes within the cell, and indirectly, by affecting the activity of lactic acid bacteria and hydrogen ion production during fermentation or the rate and amount of moisture loss during maturation. Whatever the mechanism, this research highlights the usefulness of considering factors that are in themselves nonlethal to bacterial pathogens in assessing the safety of food processing regimens.
